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We have performed laser cooling of Mg + ions confined in a Penning trap. The externally produced 
ions were captured in flight, stored and laser cooled. Laser-induced fluorescence was observed 
perpendicular to the cooling laser axis. Optical detection down to the single ion level together 
with electronic detection of the ion oscillations inside the Penning trap have been used to acquire 
information on the ion storage time, ion number and ion temperature. Evidence for formation of 
ion crystals has been observed. These investigations are an important prerequisite for sympathetic 
cooling of simultaneously stored highly-charged ions and precision laser spectroscopy of forbidden 
transitions in these. 

PACS numbers: 42.62.Fi Laser spectroscopy 37.10.Mn Cooling of ions 37.10.Ty Ion traps 



I. INTRODUCTION 

Laser spectroscopy of optical transitions in highly 
charged ions (HCIs) is a subject of considerable inter- 
est as it provides access to relativistic effects in few- 
electron systems and can be used to test bound-state 
QED in the extremely strong electric and magnetic 
fields in the vicinity of the ionic nucleus [TJ [2] . Ex- 
perimentally, such magnetic dipole (Ml) transitions 
in mid-Z HCIs have first been studied in electron- 
beam ion traps (EBITs) by laser excitation and fluo- 
rescence detection [3], yielding a relative accuracy of 
a few ppm for the determination of the wavelength. 
Direct laser spectroscopy of heavy (high-Z) HCIs has 
so far only been performed at the experimental stor- 
age ring ESR on hydrogen-like bismuth 209 Bi 82+ [4 
and lead 207 p D 81 + [5]. In both cases, the transi- 
tion between the ground state hyperfine levels was in- 
duced by pulsed lasers and resonance fluorescence was 
recorded. These investigations have been extended to 
the ground-state hyperfine transition in lithium-like 
bismuth 209 Bi 80+ , which has recently been observed in 
the ESR [6]. This measurement in combination with 
the measurement on hydrogen-like bismuth will allow 
a first determination of the so-called 'specific differ- 
ence' between the hyperfine splittings AE(ls,2s) as 
suggested by Shabaev and co-workers [7 . The first 
observation of the transition in 209 Bi 80+ is an impor- 
tant step, but it will not provide sufficient accuracy for 
a high-precision determination of the QED effects in 
the specific difference, since the wavelength determi- 
nation for both transitions (H-like and Li-like) is still 



limited in accuracy due to the large Doppler width and 
the uncertainty of additional Doppler shifts caused 
by the relativistic ion motion in the storage ring. 
This will be considerably improved once high-Z highly 
charged ions are available at rest in a clean environ- 
ment allowing for high-accuracy laser spectroscopy. 
To this end, the SpecTrap experiment has been de- 
signed [HI Eg. It is part of the HITRAP project [10^ 
at the GSI Helmholtzzentrum Darmstadt, which will 
provide HCIs up to U 91+ at low energies suitable for 
capture into a Penning trap. 

The precision achieved in laser spectroscopy of 
trapped ions crucially depends on the width of the 
optical transition of interest and the mechanisms that 
lead to additional broadening, e.g. Doppler broaden- 
ing. The study of forbidden transitions with high ac- 
curacy requires the elimination of Doppler broaden- 
ing. This can be achieved by first-order Doppler-free 
techniques like two-photon transitions or by trapping 
and cooling of atoms or ions. There is a variety of 
corresponding methods for cooling of the ion motion, 
for a detailed overview see e.g. [11 . Evaporative cool- 
ing of HCIs in an EBIT has been used for laser spec- 
troscopy of Ar 13+ [3] and recently in a Penning trap on 
HCIs that were produced in an EBIT and then trans- 
ported and re-trapped in a Penning trap [12 . At Spec- 
Trap we make use of resistive cooling [I3j [14] and laser 
cooling [15 -18 . The former is a very effective cooling 
mechanism for highly charged ions, while the latter 
is most effective for ions with a level scheme suitable 
for laser cooling such as Be + or Mg + . Laser-cooled 
ions can be used for sympathetic cooling [11] of other 
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ion species which are trapped simultaneously. Such 
experiments have so far been performed with Be + in 
a Penning trap [19] and are foreseen in a Paul trap 
[3]. Here, we present first studies with laser-cooled 
Mg + ions in the SpecTrap Penning trap. We have 
performed systematic measurements with externally 
produced Mg ions which have been captured in flight 
and stored. Observation of laser-induced fluorescence 
(LIF) down to the single-ion level allows a determina- 
tion of the ion storage time, ion number and ion tem- 
perature. Evidence for the formation of ion crystals 
has been observed. These measurements represent an 
initial characterization and optimization of the system 
as an important step towards sympathetic cooling and 
precision laser spectroscopy of highly charged ions. 



II. PENNING TRAP SETUP 

Penning traps are well-established tools for capture 
and confinement of externally produced ions. A static 
homogeneous magnetic field ensures radial confine- 
ment, while the electrode arrangement produces an 
electrostatic potential well which provides axial con- 
finement of charged particles. Ions can thus be local- 
ized, which allows laser irradiation and fluorescence 
detection under well-controlled conditions. Stored 
ions can be motionally cooled to reduce Doppler 
broadening of transition lines to well below the GHz 
level. The achievable storage time is fundamentally 
limited only by the residual gas pressure inside the 
trap, since collisions with gas particles may lead to 
ion loss. Typical storage times range from seconds 
to minutes, but also storage times of several months 
have been achieved [2D] . Hence, also slow transitions 
like magnetic dipole (Ml) transitions can be investi- 
gated with high resolution and statistics. Such traps 
have been realized in numerous variations especially 
concerning their geometry, for details see [TTJ [21] . For 
purposes of laser spectroscopy, trap geometries need 
to be chosen such that they allow both ions and light 
to enter and leave the trap suitably, as well as to pro- 
vide means for observing the fluorescence. 

The SpecTrap experiment employs a 5-pole cylin- 
drical Penning trap with open endcaps [22] [23] , with 
an additional pair of capture electrodes, as described 
in detail in [8] [9]. The geometry is chosen such 
that the trap is orthogonal, i.e. the trapping poten- 
tial depth is independent from the choice of correction 
voltages used to make the trapping potential harmonic 
close to the trap centre. The ion motion in such a trap 
has been discussed in detail in e.g. [8] [22] [23]. The 
open endcaps and capture electrodes yield axial ac- 
cess to the trap from both sides. In our case, the ions 
enter from the top and the cooling laser from below, as 
shown in Fig. [I] Capture of externally produced ions 
is achieved by fast switching of trap voltages. The 
ring electrode is radially split into four segments to 
allow the use of a rotating wall [24] for ion cloud com- 



pression and shaping. A central hole in each ring seg- 
ment enables detection of stored ion fluorescence on 
radially positioned detectors outside the magnet ves- 
sel. The fluorescence light emerging out of the holes 
is collimated by plano-convex lenses. The geometrical 
light collection efficiency of this system is the main 
limiting factor of the total fluorescence detection effi- 
ciency. Also, reflection and absorption in the lens and 
the vacuum windows as well as misalignments of the 
main optical axis reduce the signal. At the wavelength 
used for laser cooling of Mg + , the detection efficiency 
was measured to be about £o = 3 • 10 -5 . 




FIG. 1. (Colour online) Overview of the Penning trap with 
the electrode stack and laser/ion beam orientation. 



The trap is installed in a vertical, cold-bore, su- 
perconducting magnet with Helmholtz configuration, 
such that direct optical access to the trap centre is 
possible through four radial ports in the horizontal 
plane. Before it was consigned to GSI, the magnet 
was used for a similar experiment (RETRAP), with a 
slightly different Penning trap configuration and radi- 
ally cooled Be + ions [19]. The magnetic field in the 
trap centre can be set to any value up to 6 T and pro- 
vides a relative central homogeneity of 3 • 10 ~ 5 over a 
region of 2.5 cm. A liquid helium cryostat is used for 
cooling both the superconducting solenoids and the 
trap with its attached electronics. The residual gas 
pressure in the vacuum system is monitored in the 
room temperature region at the bottom of the mag- 
net vessel, and typically amounts to 5- 10 -9 mbar dur- 
ing magnet operation. There is no direct separation 
between the trap and the insulation vacuum of the 
cryostat, so additional cryopumping of the volume in- 
side the trap is provided by the cold surfaces. Hence, 
the vacuum conditions inside the trap can be assumed 
to be much better than indicated by the gauge, as will 
be discussed below. 

Laser beams are guided into the trap along the cen- 
tral vertical axis, from a laser laboratory located un- 
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der the superconducting magnet setup, as shown in 
Figj2| The fluorescence light is detected by a channel 
photo multiplier attached to the outside of the mag- 
net vessel. It has a quantum efficiency of 18% and a 
very low dark count of some 20 Hz. It is well suited 
for detection of UV light between 200 and 400 nm. 
Because of its sensitivity to the stray magnetic field it 
was mounted in a magnetically shielded housing about 
1 metre away from the main magnet chamber, as de- 
picted in Fig. [2] 




FIG. 2. (Colour online) Overview of the SpecTrap ex- 
perimental setup, including the ion beamline, the super- 
conducting magnet and the laser laboratory (not true to 
scale) . 



To avoid excess heating of the cryostat and prepare 
the system for injection of externally produced HCI, 
Mg ions are produced by an off-line ion source. It 
consists of a directly heated tungsten crucible filled 
with grains of Mg metal. Mg atoms leaving the cru- 
cible are ionized inside a cup-formed grid by electrons 
emitted from a thoriated tungsten filament located 
outside the grid. The potential of the grid sets the 
energy of the produced ions. They are collimated 
with an einzel lens and enter a 90° quadrupole de- 
flector, which guides them into the vertical part of 
the beamline. The quadrupole geometry is chosen to 
allow injection of ions from both sides of the beamline 
and to have free access along the vertical axis for the 
laser beam. Two additional einzel lenses in the verti- 
cal beamline prepare the ion bunch for injection into 
the magnetic field and guide them into the trap. The 
second arm of the horizontal beamline will be con- 
nected to an EBIT and later to the HITRAP cooling 
trap in order to trap heavy HCI provided by the GSI 
accelerator facility. 

Mg ions are produced in bunches of 1-2 {is length at 
a rate of a few Hz. They are transported towards the 
trap with a kinetic energy of 200 eV and dynamically 
captured into the Penning trap. One typical trapping 



cycle is illustrated in Fig. [3] Initially, only the lower 
capture (reflector) electrode is permanently switched 
high (closed), while the upper capture electrode is 
switched between a confining potential and a value 
just below ion transport energy, synchronized with the 
arrival time of the ion bunch. It has been experimen- 
tally observed that around 50 eV out of 200 eV axial 
energy are transferred into the radial motion during 
the ion injection into the magnetic field. That is suffi- 
cient for accumulation of many ion bunches, with min- 
imal losses of ions already stored during re-opening of 
the capture electrode. Typically 50-200 such accumu- 
lation cycles are repeated before permanently closing 
the capture electrode. The voltage on the endcaps and 
correction electrodes is then slowly (with respect to 
the ion motion) ramped up in order to compresses the 
ion cloud towards the trap centre. Afterwards, laser 
cooling by scanning the laser wavelength as well as 
electronic ion excitation and detection are performed. 
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FIG. 3. (Colour online) Overview of one trapping cycle. 
Voltage amplitudes on individual electrodes are plotted 
against time (both not true to scale). The dotted lines 
represent a reference level, typically ground. 



III. LASER COOLING OF IONS IN A 
PENNING TRAP 

Since highly charged ions at low energies have a 
large cross section for electron capture which leads to 
their loss, a fast cooling method such as laser cooling 
is preferred. As previously stated, direct laser cooling 
is limited to ions with a favourable level structure. 
Such ions can then be used for sympathetic cooling of 
other ions of interest which are simultaneously stored. 
A suitable species for laser cooling is the 24 Mg + ion. 
It can be easily produced and the undisturbed ion 
provides a closed, ground-state, two- level 3s 2 Si/2 - 
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3p 2 P3/2 transition, with an excited state natural life- 
time of only 4 ns. However, magnetic fields of several 
Tesla in the Penning trap lead to splitting of the Mg 
sublevels due to the Zeeman effect, as shown in Fig. [4] 
The Zeeman slope coefficient for each sublevel is pro- 
vided in Table U 




FIG. 4. Zeeman splitting of the 3p 2 Si/ 2 — »• 3p 2 P 3 / 2 ground 
state transition in Mg + . The necessary polarisation for 
driving the corresponding transition is also indicated. 



TABLE I. The Zeeman shifts of the rrij levels in an exter- 
nal magnetic field for 2 Si/2 and 2 P3/2 in 24 Mg + . 

Level rrij A£ ZE //i£ (GHz/T) 



2 Si/2 


-1/2 


-13.996 


2 Si/2 


+1/2 


+13.996 


2 P 3 /2 


-3/2 


-27.992 




-1/2 


-9.331 


P3/2 


+1/2 


+9.331 


2 P 3 /2 


+3/2 


+27.992 



In this level scheme only the ±| — >• ±| (here and in 
further text the rrij quantum numbers) Zeeman tran- 
sitions remain closed systems. We have chosen the 
lowest transition — | -+ — | for the cooling process. 
It has a Zeeman shift of —13.996 GHz/T compared to 
the unperturbed 2 Si/ 2 -+ 2 P3/2 transition frequency of 
v = 1 072 082.934 GHz [25]. Compared to <t+- 
pumping of the +^ -+ +| transition, it has the ad- 
vantage that the laser is also red-detuned for all neigh- 
bouring 7r transitions, e.g. the tt transitions — \ -+ — \ 
and +| — >• + |, which still partially accept the <j~ 
polarization, whereas cooling on the +^ — >• +| tran- 
sition would heat via the wings of these two 7r tran- 
sitions. Considering the required polarization for the 
cooling laser and the injection direction of the ions, 
the laser is polarized a~ and sent along the trap axis. 

A specific issue of the experiment is the relatively 
high kinetic energy of the captured ions, required for 
an efficient transport and a small spread of ion ve- 
locity, time and momentum. A frequency detuning 
of the laser corresponding to a typical transport en- 
ergy of 200 eV together with a very fast adjustment 
of this detuning in order to match the dropping en- 



ergy caused by the capture and cooling would be a 
serious technical challenge. However, a much simpler 
approach can be employed at the expense of the cool- 
ing speed: since the axial speed of the injected ions 
varies between a maximum corresponding to 200 eV 
at the trap centre and zero at the turning points near 
the endcaps, the laser can be kept fixed at a frequency 
corresponding to a cold ion. It will then absorb a pho- 
ton near each turning point [26] which is still efficient 
(provided that the laser intensity is sufficiently large) 
since it spends a considerable fraction of its oscillation 
time there, provided that the laser intensity is large 
enough. The condition is that the Rabi frequency for 
this transition is much larger than the axial frequency 
of the ion inside the trap, Q ^> uj z . Accordingly, the 
cooling time will be proportional to the the axial fre- 
quency u z instead of the Rabi frequency Q. 

An all-solid-state laser system at the required wave- 
length of 279 nm has been set up as depicted in Fig. [5] 
It has been described in detail in [26] [27] and com- 
prises a single- mode fiber laser at 1118 nm as well 
as two cavities for second harmonic generation to ob- 
tain frequency quadrupling. The laser is a Koheras 
Boostik fiber laser, specified to deliver 1.66 W max- 
imum output power. Experimentally, a maximum of 
1.2 W including the amplified spontaneous emission 
(ASE) was obtained. 

Since the doubling efficiency for second harmonic 
generation inside a non-linear crystal is proportional 
to the square of the fundamental power, bow-tie op- 
tical resonators were constructed to enhance the laser 
power inside the crystal. The first doubler uses non- 
critical phase-matching in a lithium triborate (LBO) 
non-linear crystal, which has a phase-matching tem- 
perature at 1118 nm of ~ 90° C. The second dou- 
bler employs critical phase-matching of a beta bar- 
ium borate (BBO) non-linear crystal, using the round, 
Gaussian output of the first doubler. Both resonators 
were designed using the ray transfer matrix analysis 
and computer simulations in order to obtain the opti- 
mal experimental parameters according to the Boyd- 
Kleinmann theory. The length of the doublers is ac- 
tively stabilized using Hansch-Couillaud polarization- 
analysis locking [28] . 

For the first doubler, a maximum overall SHG ef- 
ficiency of 33% was obtained, providing 320 mW of 
laser power at 559.3 nm from 950 mW of the funda- 
mental 1118.5 nm power. For the second doubler, a 
maximum of 16.7 mW at 279.6 nm was achieved us- 
ing 210 mW of green power in front of the resonator, 
equivalent to an overall SHG efficiency of 8%. All 
power levels of the harmonics were measured after ap- 
propriate filtering of the fundamental power leaking 
from the bow-tie resonators. In spite of several prob- 
lems with the Koheras main fiber laser, which greatly 
affected the available pump power, a sufficient amount 
of about 2 mW UV laser power was available for the 
first trapping tests. The parameters of the frequency 
quadrupling system are summarized in Table [H] 
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FIG. 5. (Colour online) Setup of the laser system for 
cooling of Mg + : the laser beam from a fiber laser is fre- 
quency quadrupled using two non-linear crystals in bow- 
tie resonators with the length stabilized using the Hansch- 
Couillaud locking scheme. The wavelength is controlled 
using a High-Finesse wavemeter. (A/4 and A/2: quarter- 
and half- wave plate respectively, APP: anamorphic prism 
pair, M1-M8 cavity mirrors, FC: fiber coupler) 



IV. EXPERIMENTAL RESULTS 



A. Ion storage time 



The storage time constant has been determined 
by monitoring the laser induced fluorescence of the 
trapped ions as a function of time. For this mea- 
surement, the laser has been tuned to a frequency 
« 200 MHz above the resonance frequency of the 
— \ — >• — | transition in order to avoid strong laser 
cooling and the resulting fluctuation of the fluores- 
cence due to the decreasing Doppler width of the tran- 
sition. On the other hand, although a blue-detuned 
laser frequency leads to heating of the ion cloud, it is 
important to note that it is still red-detuned for neigh- 



bouring 7r transitions, as discussed in chapter [nil Ad- 
ditionally, resistive cooling contributes to ion cooling 
with a time constant of around 100 s for Mg + stored 
in SpecTrap [29]. Thus, an equilibrium between heat- 
ing and cooling processes is established, resulting in 
a fluorescence signal proportional to the number of 
stored ions. 



TABLE II. Summary of the most relevant parameters of 
the frequency quadrupling system. 



\J o T»0 VV"l (~\\~ r\T* 

JT ell dlilfcJLfc;! 


1 Xvt3»OllclLOI Z 


XVfclSlJllcLLlJl 


Crystal type 




D "D f\ 


Phase matching 


lNv_yrlVl ±ype 1 


K^r ivi lype i 


Crystal length 


20 mm 


7.4 mm 


Input wavelength Ao 


1 1 1 Q r A 

lllo.o4 nm 


oo\3.Z( nm 


Crystal cut u 


yu 


A A A° 
44.4 


Crystal cut 


U 


U 


Crystal surfaces 


Dual An 


Brewster-cut 


Crystal temperature 




OU Lv 


Total cavity length 


lloo mm 


oU4 mm 


Focusing mirrors / 


70 mm 


50 mm 


Focusing arm length 


157.5 mm 


1(J4.8 


Full folding angle 


38° 


18.8° 


Enhancement factor A 


^60 


^70 


Coupling efficiency 


>85% 


>85% 


Input power (uj) 


950 mW 


210 mW 


Output power (2a;) 


320 mW 


16.7 mW 


Doubling efficiency 


^33% 


^8% 



A typical spectrum resulting from this procedure is 
shown in Fig. [6j A storage time constant of about 
140 s can be extracted from a single exponential fit to 
the data. Since in this measurement the ions were not 
cooled to sub-K temperature it can be regarded as a 
lower limit for the ion lifetime in the trap. 
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FIG. 6. (Colour online) Storage time determination for 
Mg + stored in SpecTrap. The — | —> — | transition was 
continuously excited with a 200 MHz blue-detuned laser. 
The observed fluorescence rate is plotted as a function of 
time. At t = loading was complete and the endcaps 
were closed. The data was fitted with a single exponential 
function for points with t > 20 s and the storage time 
constant of 137(5) s was observed. 



Since the ion loss is mainly attributed to charge 
exchange reactions with residual gas particles, one can 
estimate the residual gas pressure in the trap using 
the observed ion storage time. The cross sections for 
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electron capture in ion-neutral collisions at very low 
energies are largely unknown, but can be estimated 
using the semi-empirical Schlachter formula [30] 



a s = 1.43 • 10" 



-16 m 1.17 . j-2.76 



(i) 



where q is the charge state of the ion and I is the ion- 
ization potential of the residual gas particle expressed 
in eV, which amounts to / = 15.44 eV for H2 [31] and 
/ = 25.59 eV for He. Partial pressures of all other 
typical residual gases are much smaller at the cryo- 
genic temperature around the trap, and can be safely 
neglected. 

The cross section can also be estimated using the 
so-called classical barrier model [32] [33] 



R r 



27.2 • 



2y^+l 
I 



ao 



(2) 



where R c is the critical radius for electron transfer, ex- 
pressed in units of Bohr radius ao- The cross-sections 
calculated by Eq. ([2| are roughly three 2.5 times larger 
than the ones obtained with Eq. ([!]). 

The rate k ec of electron capture is then calculated 
by multiplying the cross-section a from Eq. ([!]) or ([2| 
by the neutral particle density n and the relative ve- 
locity v r of the two colliding particles. The expected 
ion storage time is given through the reciprocal value 
of this rate 



k„ n 



1 



k B T r f3k B Ti , 3k B T r 



crnv r 



ap 



(3) 



where k B is the Boltzmann constant, p the pressure, 
m r /i and T r ^ are the mass and temperature of the 
residual gas atoms and the ions, respectively. 

Thus, solving Eq. Q for the residual gas pressure p, 
the measured storage time constant can be used for an 
estimation of the vacuum conditions inside the trap- 
ping volume. Assuming an ion temperature of about 
10 5 K (i.e. an energy spread of 10 eV) and the presence 
of He gas, the Schlachter cross-section yields a resid- 
ual pressure of « 2 • 10 -11 mbar. This is in fair agree- 
ment with the pressure of the order of 10 -9 mbar as 
measured at 300 K when scaled to liquid helium tem- 
perature inside the trap. The classical barrier model 
yields accordingly a pressure value 2.5 times smaller. 



B. Laser cooling time and power 

The laser cooling time can be estimated by evaluat- 
ing the cooling force exerted by the photons. Gener- 
ally, for low energy ions, the scattering of the photons 
leads to a frictional force 

^scatt = (photon momentum) x (scattering rate) (4) 

which slows the ion down. This force can be written 
as [34] 

T ///sat 



hk L 



2 i + /// sat + 4J7r2' 



(5) 



where hk^ is the photon momentum, T is the tran- 
sition linewidth, / is the intensity of the laser, / sat 
the saturation intensity and 5 the additional detuning 
of the laser frequency relative to the Doppler-shifted 
transition of the ion. This force is proportional to 
the laser intensity below the saturation value and it 
approaches its maximum value 



-/max — hki 



(6) 



for intensities / ^> / sat . 

Here, the kinetic energy of the captured ions is 
typically 200 eV, and the laser frequency cannot be 
scanned fast enough to maintain the cooling condi- 
tion. But the condition ft ^> u z is typically fulfilled 
for trapped Mg + ions and the scattering rate in Q 
will be 2v z = 2oj z /2tt, under the assumption that a 
photon is absorbed near each turning point in the 
trap, as discussed above. The laser is thus kept fixed 
at a small red-detuning and the scattering force in 
Eq. Q can then be written as 



Hkr 



(7) 



This equation is a good approximation for an inten- 
sity close to or above the saturation intensity. Since 
under our experimental conditions the laser intensity 
was about 1/3 of the saturation intensity, the cooling 
force is reduced by a factor of //(/ + / sat ) = 1/4. The 
deceleration can then be expressed as 



«(/sat/3) = 



/^scatt(/sat/3) 



ft I 



1 huj z 
47r Am 



(8) 



where A is the wavelength of the cooling laser and m 
the mass of 24 Mg + . The stopping time can be calcu- 
lated accordingly as 



to 



AirXm 



«(/sat/3) huj z 



-v 



(9) 



where is the initial speed of the ions. At 200 eV 
kinetic energy and at 1/3 of the saturation intensity, 
this stopping time approximation results in to = 2.7 s. 

The experimental cooling time was determined us- 
ing the same measurement procedure as described 
in the previous section for recording the LIF signal 
shown in Fig. [6] Initially, the ions have a large spatial 
oscillation amplitude between the endcaps while the 
fluorescence detection system is focused on a small 
volume at the centre of the trap. Hence, the emit- 
ted photons cannot be recorded and only the back- 
ground signal is present in the detection system. As 
the ions are cooled, they get localized in the centre 
of the trap and the fluorescence rate per ion rises as 
the Doppler-shifted transition matches the fixed red- 
detuned laser frequency for an increasing amount of 
ions. This results in the sharp rise in fluorescence ob- 
served in Fig. [6] which appears about 10 seconds after 
raising the endcaps to the trapping potential. With a 
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red-detuned laser, the cooling time was typically 1-2 
seconds shorter. This value is in fair agreement with 
the calculated minimum of 2.7 s, which assumes an 
ideal case, such as perfect laser beam - ion cloud over- 
lap and an absorption of a photon at every turning 
point. 



C. Single ion fluorescence 

In contrast to trapping a large ion cloud, with the 
current experimental setup it was also possible to iso- 
late and observe the fluorescence of a single trapped 
ion. The spectra shown in Fig. [7] were recorded by 
scanning the laser from -1 GHz with 100 MHz/s across 
the resonance, using a 0.9 mW laser beam with a di- 
ameter of ~ 1 mm. Taken under identical conditions 
and trapping times, they show quantized changes of 
the laser induced fluorescence, associated with single 
trapped ions on top of a constant background signal. 
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FIG. 7. Spectra with quantized fluorescence leaps of ions 
trapped in SpecTrap, associated with single trapped ions. 
The x-axis is directly proportional to frequency with a 
factor of 100 MHz/s. The resonant frequency is reached 
after about 18 s. 



The number of ions in individual spectra was deter- 
mined by plotting the integrated number of detected 
fluorescence photons against the assumed number of 
ions, as shown in Fig. [8j With increasing cloud size, 
the uncertainty of this procedure increases, since the 
ion cloud might extend out of the interaction region 
with the laser beam. Different ions can reach the reso- 
nance at different times and places. Moreover, fluores- 
cence photons from the region outside the trap centre 
cannot be efficiently imaged onto the detector. 

According to Fig. [7J a single stored Mg + ion in full 
resonance yields around 500 fluorescence photons per 
second, on top of around 700 background photons per 
second. The uncertainty of this value is dictated by 
the statistical fluctuation of the background and the 
frequency uncertainty of the scanning laser frequency. 




3 4 5 

no. of stored ions 

FIG. 8. (Colour online) Graph showing the integrated 
number of photons per resonance against an assumed num- 
ber of ions for the given peak. 



Having that in mind it can be concluded that under 
the given conditions a single ion yields a fluorescence 
signal of 500 ± 100 photons/s. 

In spite of the large uncertainty of around 20%, this 
result shows that even a single ion with a fast opti- 
cal transition can be detected in SpecTrap via laser 
induced fluorescence. If the observed number of flu- 
orescence photons is compared to the maximum ex- 
pected number of photons from a non-fully saturated 
Mg + ion, this yields a total detection efficiency of 
£tot = 5 • 10 -6 . Disregarding the quantum efficiency of 
the detector and considering only geometrical factors 
the detection efficiency amounts to about £o = 3-10 -5 . 
Additionally, the expected number of photons per ion 
can be used to quantify a signal from an ion cloud 
and estimate the number of ions stored under the 
same conditions. A maximum of about 2000 ions were 
trapped and cooled using the current ion source and 
w 1 mW/mm 2 of cooling laser intensity. 



D. Ion cyclotron resonance: electronic and 
optical detection 

As an addition to LIF detection, SpecTrap can also 
perform FT-ICR (Fourier Transform Ion Cyclotron 
Resonance) measurements, a well-established tech- 
nique for non-destructive mass and charge state spec- 
trometry in ions traps [35] . By a combination of both, 
it is possible to gauge the electronic signal height ob- 
tained in FT-ICR to the number of observed ions as 
measured by LIF. Hence, a stored ion cloud can be 
characterized by the ion number and temperature. 
Adding a camera will allow to measure also size and 
shape of the cloud and hence its density, which is of 
special interest when a rotating wall is applied. For 
FT-ICR, the ion motion is excited by a fix-phase burst 
such that subsequent signal pickup of the ions' oscilla- 
tory motions is efficient. A transient of that signal is 
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recorded and its Fourier transform represents a spec- 
trum of the mass-to-charge spectrum of ions present 
in the trap. 

In the present case, the signal for ion excitation 
is generated by an Agilent 332 50 A frequency genera- 
tor and processed by the SpecTrap rotating wall drive 
[24] , which splits the input signal into two with a 180° 
phase difference. These two signals are transmitted to 
two opposing ring segments, while the remaining two 
segments are kept at DC potential. The signal induced 
in the trap electrodes by the excited ions is amplified 
by a cryogenic amplifier mounted next to the trap and 
processed by a HP3589A spectrum analyser. 

The dipole excitation was performed by applying 
5000 cycles of a 2.555 MHz signal, where the modified 
cyclotron resonance uj+/2tt was expected for a mag- 
netic field of 4 T. The amplitude was set to 400 mV pp . 
Because of the short coherence time the spectrum 
analyser was triggered by the last excitation cycle and 
averaged over 10 excitation-detection rounds. The ob- 
served resonance signal is depicted in Fig. [9j The 
width of the resonance is « 100 Hz, while the mod- 
ified cyclotron frequency can be determined with an 
accuracy of a few Hz. The resulting mass resolving 
power m/ Am is of the order of 10 4 , while the mag- 
netic field can be determined with a relative accuracy 
of 10 -6 . Both of these values exceed the requirements 
of the experiment and show that electronic and op- 
tical ion detection can be performed simultaneously. 




2,552 2,554 2,556 2,558 

frequency / MHz 

FIG. 9. Amplitude of the FT-ICR signal of around 2000 
trapped Mg + ; CJ+/27T is the modified cyclotron frequency. 



The transfer of energy into the cyclotron motion 
during excitation pushes the ions into larger orbits, 
where they either have a smaller overlap with the 
narrow laser beam, or are even lost from the trap. 
This was used to perform a measurement of the mod- 
ified cyclotron frequency via LIF. The ions were laser- 
cooled and their fluorescence recorded while applying 
the dipole excitation to the ring electrode. The ex- 
citation frequency was changed stepwise across the 
expected cyclotron resonance, while the trap was 



reloaded under identical conditions for each point. 
This resulted in a fluorescence dip seen in Fig. [lOj 
fitted well with a Gaussian function, with the central 
frequency marking the resonance. It was noticed that 
the range of possible excitation amplitudes was rather 
narrow - excitation with more than 400 mV pp resulted 
in a total loss of fluorescence or even ion loss, i.e. the 
fluorescence did not return after switching off the exci- 
tation. Contrary, amplitudes smaller than 100 mV pp 
had little or no observable influence on the ion fluo- 
rescence. 
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FIG. 10. (Colour online) Ion cyclotron resonance mea- 
surement using laser-induced fluorescence. A Gauss fit of 
the recorded data points reveals the modified cyclotron 
frequency CJ+/27T. 



It can be seen that the central frequencies from 
the two measurements, shown in Fig. [9] and Fig. [To} 
differ by 1.33 kHz. This exceeds the statistical fit- 
ting uncertainty and was found in several repeated 
measurements. The systematic shift corresponds to a 
magnetic field difference of 2 mT. The discrepancy is 
ascribed to the non-ideal magnetic field and the dif- 
ferent spatial positions where the two measurements 
were performed: while the FT-ICR induces a signal 
directly in the trap electrodes, the LIF-signal depends 
on the optical axis of the detector system, which is not 
necessarily aligned exactly along the trap radial axis. 
Nevertheless, it was demonstrated that electronic and 
laser induced fluorescence ion detection methods can 
be used simultaneously, with reasonably good agree- 
ment. This will be closer examined in the future. 



E. Ion temperature and evidence of 
crystallization 



By determining the transition linewidth Av and 
assuming the absence of line-broadening mechanisms 
other than Doppler broadening, the upper limit of the 
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ion temperature T can be calculated according to 

_ Av 2 mc 2 
~ Su^kn - In 2' 



(10) 



A series of measurements was performed in order 
to determine the transition linewidth of the laser- 
cooled Mg + . The laser frequency was kept 1 GHz 
red-detuned during ion accumulation, as well as for 
another 10 seconds after closing the trap. It was ob- 
served that due to the large initial ion energy this pre- 
cooling time was necessary for efficient laser cooling. 
After pre-cooling, the laser frequency was scanned 
over the central transition frequency of Mg + and the 
fluorescence recorded. A typical result is shown in 
Fig. [TT] where the recorded fluorescence rate was plot- 
ted against the laser frequency detuning. 
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FIG. 11. Laser induced fluorescence of trapped and laser- 
cooled Mg + as a function of frequency detuning. The 
width of the measured transition can be used to set the 
upper limit to the achieved ion temperature. A precooling 
peak and an abrupt drop after crossing the zero is typically 
associated with crystalline structure of the ion cloud. 



After crossing the resonance frequency, ion cooling 
turns into heating and the fluorescence drops quickly 
to zero. It can therefore be safely assumed that the 
total FWHM of the Voigt profile is less than twice the 
observed width of 33(10) MHz indicated in Fig. 
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This value is of the same order of magnitude as the 
natural linewidth of the transition (42 MHz), and a de- 
convolution of the Doppler and the natural linewidth 
contribution to the line profile needs to be performed 
[36] . The deconvoluted value for the Doppler width 
can be inserted into Eq. (10) and an upper limit for 



the ion temperature is obtained 

Av D < 39(11) MHz, T < 0.06(3) K. (11) 

By experience from a similar experiment [19] . the 
typical volume of such an ion cloud is of the order of 
0.5 mm 3 , resulting in an ion number density of around 
n = 4000 ions/mm 3 for Mg + ions stored in SpecTrap. 
Under such conditions the single-particle description 



begins to break down and the ion cloud has to be 
treated as a non-neutral plasma. The plasma cou- 
pling parameter, describing the ion Coulomb coupling 
intensity in one-component plasmas, is given by [37] 



47reoa s /c£T' 



a s = 



3 
47rn 



(12) 



where a s is the Wigner-Seitz radius. Gilbert and co- 
workers [37] have predicted that for coupling parame- 
ters T p > 2 the plasma goes through a phase transition 
and starts exhibiting liquid properties. According to 
Eq. (12), for Mg + trapped and cooled in SpecTrap 
(n ~ 4000 ions/mm 3 and T « 60 mK) the plasma 
coupling parameter amounts to T p > 7(4), such that 
crystallization may be assumed. 

Studies have already shown that for sufficiently 
low temperatures, a trapped ion cloud exhibits an 
abrupt structural change and its spectrum resembles 
the one of single ions [38H40] . A similar behaviour 
was observed for the trapped Mg + in SpecTrap and 
is shown in Fig. [TT] A small pre-cooling peak ap- 
pears in the moment when the transition's Doppler 
broadened half-width becomes smaller than the laser 
detuning (here at ~ 400 MHz), after which the flu- 
orescence disappears and can be observed again only 
close to the natural linewidth of the transition. Such 
structures were observed also in [38M40] and mark the 
phase transition of the stored ion plasma from a non- 
correlated state to a crystalline structure. Because 
of strong cooling and simultaneous reduction of the 
Doppler width, the fluorescence close to the central 
transition frequency is characterized by a sharp asym- 
metric shape, similar to single- ion spectra from Fig. [7] 
followed by an abrupt drop to zero after crossing the 
central frequency. 



The spectrum shown in Fig. 11 was recorded with 
1.1 mW/mm 2 of laser power and a 100 MHz/s fre- 
quency sweep. It has been observed that different 
pre-cooling times cause different positions of the pre- 
cooling peak with respect to the main one, moving 
them closer together for shorter pre-cooling times. 
This structure was, however, not observed for very 
short pre-cooling times below roughly 8 s, which were 
also typically followed by much smaller or no de- 
tectable fluorescence at the position of the central 
transition frequency. However, after allowing suffi- 
cient pre-cooling time and observing the crystalline 
structure, a smaller, sharp fluorescence peak was ob- 
served at resonance even when scanning the laser fre- 
quency in the opposite direction. 



V. SUMMARY AND CONCLUSION 

We have performed systematic measurements with 
laser-cooled 24 Mg + ions stored in a Penning trap. 
These ions were externally produced, transported, de- 
celerated, captured and stored in the trap for subse- 
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quent measurements. Using both optical and elec- 
tronic non-destructive detection techniques, the prop- 
erties of stored ion clouds were determined. Com- 
bining electronic with optical detection, it is possi- 
ble to determine stored ion numbers down to the sin- 
gle ion level and to characterize the stored ion cloud 
with respect to its temperature, storage time constant 
and related properties. Laser cooling was achieved to 
temperatures below 0.1 K and evidence of ion crys- 
tallization was found. Such laser-cooled ions are ideal 
for sympathetic cooling of simultaneously trapped ion 
species which lack a suitable level scheme, as for ex- 
ample the highly charged ions that will be available 
in the near future. All necessary prerequisites for 
precision spectroscopy of externally produced highly 
charged ions to be delivered by the HITRAP facil- 



ity at the Helmholtz Centre for heavy ion research 
GSI in Darmstadt, Germany, were demonstrated in 
the present setup with singly charged magnesium ions. 
Further investigation of sympathetic cooling of mid-Z 
highly charged ions in SpecTrap will be carried out in 
the near future. Finally, the measurements of forbid- 
den transitions in heavy highly charged ions will open 
the way to precision tests of QED calculations in ex- 
treme fields and to the determination of fundamental 
constants. 
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